ABSTRACT: The combination of nanomaterials and conducting polymers attracted remarkable attention for development of new immobilization matrices for enzymes. Hereby, an efficient surface design was investigated by modifying the graphite rod electrode surfaces with one-step electrospun nylon 6,6 nanofibers or 4% (w/w) multiwalled carbon nanotubes (MWCNTs) incorporating nylon 6,6 nanofibers (nylon 6,6/4MWCNT). High-resolution transmission electron microscopy study confirmed the successful incorporation of the MWCNTs into the nanofiber matrix for nylon 6,6/4MWCNT sample. Then, these nanofibrous surfaces were coated with a conducting polymer, (poly-4-(4,7-di(thiophen-2-yl)-1H-benzo[d]imidazol-2-yl)benzaldehyde) (PBIBA) to obtain a high electroactive surface area as new functional immobilization matrices. Due to the free aldehyde groups of the polymeric structures, a model enzyme, glucose oxidase was efficiently immobilized to the modified surfaces via covalent binding. Scanning electron microscope images confirmed that the nanofibrous structures were protected after the electrodeposition step of PBIBA and a high amount of protein attachment was successfully achieved by the help of high surface to volume ratio of electroactive nanofiber matrices. The biosensors were characterized in terms of their operational and storage stabilities and kinetic parameters (K m app and I max ). The resulting novel glucose biosensors revealed good stability and promising I max values (10.03 and 16.67 μA for nylon 6,6/PBIBA and nylon 6,6/4MWCNT/PBIBA modified biosensors, respectively) and long shelf life (32 and 44 days for nylon 6,6/PBIBA and nylon 6,6/4MWCNT/PBIBA modified biosensors, respectively). Finally, the biosensor was tested on beverages for glucose detection.
INTRODUCTION
Conducting polymers (CPs) are widely used macromolecular systems serving many application areas such as electrochromic devices, 1 energy storage, 2 and biotechnology 3 in material science. Due to their noble electronic, chemical, and optical properties, these excellent conjugated structures lead to the development of new materials, rendering their properties convenient for technological research. 4 Furthermore, superior properties of CPs can be generated for the desired purpose. Thus, molecular architecture plays a crucial role in the design and synthesis of these intelligent macromolecules. Considering their charming properties, CPs are also promising candidates for biomolecule immobilization in biosensing systems.
5−7 The easy coating of CPs on different electrode surfaces and integration of various biomolecules into the CPs with different techniques enable us to construct new generation biosensors.
8−10 Additionally, the straightforward applicability, stability, and functionality of CPs permit the revolution of biosensors as faster and more economical devices in diagnosis and treatment.
In many biosensor systems, CPs are used as transducers allowing the biomolecule to get closer to the electrode surface due to their protein adsorption abilities. This intimacy between redox sites of the biomolecule and an electroactive CP-coated surface provides an increase in the overall current depending on the efficient electron transfer. 11 In addition to expansion of electronic properties of CPs, controlling the polymer morphology is a remarkable parameter for the biomolecule immobilization to promote the three-dimensional architecture of the biomolecule. 12 For high reproducibility and sensitivity with short response time in clinical, food, environmental, and health care monitoring, biosensor architecture have been charming innovators for five decades. A convenient immobilization matrix selection and attachment of the desired enzyme to the surface by an appropriate technique have decisive roles in biosensing performance. Also, the selected electrode surface can be chemically modified to upgrade its physical and chemical properties upon demand. Hence, the interaction between enzyme and matrix can be successfully achieved to construct more stable and sensitive biosensors. The increase in functional group binding the biomolecule on the surface influences the enzyme loading. Since the transferred electrons resulting from the biochemical reactions between enzymes and substrate molecules increase due to high enzyme loading, the overall current response to the substrate is increased as expected. 13 Carbon nanotubes (CNTs) have attracted great attention from many researchers after their discovery.
14 Through the amazing mechanical and electronic properties, these nanosized cylindrical structures promote many application areas of materials science such as nanoelectronic devices, 15 capacitors, 16 superconducters, 17 and nanocomposites. 18 In particular, fast electron transfer ability, high aspect ratio, electrochemical stability, and biocompatibility properties of CNTs confirm the development of numerous materials in biosensing. 19 In much research depending on manufacturing CNT electrodes for biosensing, these hollow cylindrical nanomaterials act as electrochemical transducers with their large electroactive sites. 20 Moreover, CNTs can behave as mediators, carrying out the electron transfer reactions when they are constructed as working electrodes. 21 CNTs are mainly classified as singlewalled carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs), and multiwalled carbon nanotubes (MWCNTs). SWCNTs and DWCNTs include one or two graphene sheets, whereas MWCNTs have more confused structure with several cylindrical graphene layers. Since the high surface to volume ratio of MWCNTs promotes a large amount of enzyme immobilization, much more electron transfer reactions of proteins can be achieved on the surface. 22 In recent studies on nanotechnology, it has been reported that the electrode performance is noticeably affected by their morphologies at nanoscale. 23 Thus, biosensor performance can be developed by adjusting the surface morphology of the electrode. Among one-dimensional nanostructures, nanofibers produced by the electrospinning process dominate surface morphology with their high porosity and high aspect ratio. 24 Hence, the electrospun nanofibers are promising nanomaterials as enzyme immobilization matrices, 25 antibacterial surfaces, 26 tissue templates, 27 and drug deliverers 28 in biotechnological advances. The nanofiber utilization as biomolecule immobilization matrices provides high surface area for loading depending on the high porous structure of the electrode surface. It is possible to generate reproducible and long time stable biosensors with nanofibrous platforms. 29 Nylon has been an extensively used polymer for biosensing applications due to its good mechanical properties, chemical resistance, and stability and biocompatibility. 30−32 However, nylon films need chemical or physical pretreatment for biosensing application because of its insulating property. 30, 31 Conversely, even without any preliminary treatment, electrospun nylon nanofibers have been found as promising materials for the sensing application due to their highly porous structure and large surface area. 31, 33, 34 Therefore, they provide high loading, efficient immobilization, high sensitivity, stability, long lifetime, and excellent reproducibility. 31, 33, 34 On the other hand, it is our experience that we are able to produce much thinner nanofibers (average fiber diameter below 100 nm) from nylon 6,6 compared to other types of commercial polymers. Except for these, the excellent compatibility between MWCNTs and nylon that can greatly enhance the dispersion and the interfacial adhesion is another reason to select nylon nanofibers as the host matrix for the MWCNTs. 35, 36 Moreover, fine dispersion stability of the MWCNTs as well as good solubility of nylon were supplied using formic acid as the solvent. 32 The functionalization of nylon nanofibers with MWCNTs may enhance the electron transfer ability, processability, dimensional stability, and mechanical strength of nylon. 37, 38 The unique mechanical and electronic properties of nylon/MWCNT composites have promising potential for the development of new generation materials in many application areas such as chemiresistors, 39 dental composites, 40 and microcatheters. 41 However, to our best knowledge, there is no application for nylon 6,6/MWCNT nanofibers as an immobilization matrix in glucose detection. Glucose monitoring is one of the most elaborated subjects in biosensing by researchers and the industry. Regularly detection of the glucose concentration in the blood plays a crucial role in the diagnosis and treatment of diabetes. Moreover, the determination of glucose concentrations in beverages is important for the food industry. Thus, development of low cost, high sensitive, stable, and rapid biosensors attracts more attention from many scientists. Glucose monitoring generally depends on amperometric measurements with the help of glucose oxidase (GOx) in the presence of the molecular oxygen. Upon applied potential, β-D-glucose is oxidized to glucono-δ-lactone which is subsequently hydrolyzed into gluconic acid. Afterwards, molecular oxygen is reduced to hydrogen peroxides. 42 The motivation of this study is highly sensitive and stable novel bioactive surface development for biosensing. For this purpose, nylon 6,6 nanofibers incorporating MWCNTs (nylon 6,6/MWCNT) were prepared via an electrospinning technique. It was aimed to use the corresponding nanofibrous composite as a template for electropolymerization of 4-(4,7-di(thiophen-2-yl)-1H-benzo[d]imidazol-2-yl)benzaldehyde (BIBA). We reported the synthesis and biosensor application of poly(BIPA) (PBIBA) in a previous work. 43 Since PBIBA showed high affinity to glucose with good selectivity, the same polymer was preferred for construction of new biosensors. Besides its remarkable immobilization platform properties, this CP promotes the robust covalent attachment of the biomolecule to the surface. Therefore, PBIBA was electrochemically synthesized after the surface of the graphite electrode was modified with a nylon 6,6/MWCNT nanofibrous composite coating. To investigate the immobilization matrix characteristics of the surface, GOx was attached to the modified electrode as a model enzyme. Comparing the synergistic effect of two different composite-surface-formed materials on biosensing performance, nylon 6,6 nanofiber modified PBIBA-coated glucose biosensors were also fabricated. All biosensors were optimized to enhance the efficient electron transfer, and surface stability and amperometric current response were calibrated to different substrate concentrations for optimum biosensors. The accuracy and performance of the biosensors were tested for determining glucose concentrations in beverages.
EXPERIMENTAL SECTION
Since pristine MWCNTs include some metallic residues produced during the fabrication, they should be purified before their usage in biosensor applications. For oxidative purification, pristine MWCNTs were dispersed in H 2 SO 4 :HNO 3 (3:1) solution, and the mixture were heated at 50°C for 5 h. Afterwards, this suspension was cooled at room temperature and filtered under vacuum conditions. For neutralization, MWCNTs were washed with distilled water via pH monitoring. Purified MWCNTs were dried at 80°C overnight. 44 Nylon 6,6 and nylon 6,6/MWCNT nanofibers were produced by electrospinning techniques to advance biosensor performance. Formic acid was used as the solvent to prepare electrospun solutions. Therefore, 8.0 wt % nylon 6,6 was dissolved in the formic acid at room temperature, and clear solution was obtained by stirring for 3 h. In the case of nylon 6,6/MWCNT solutions, 8.0% (w/v) nylon 6,6 was dissolved in formic acid, and then different concentrations of MWCNT (1.0%, 2.0%, and 4.0 %, w/w, with respect to nylon 6,6) were added to nylon 6,6 solutions individually. The resulting nylon 6,6/MWCNT solutions were stirred for 5 h and sonicated for 1 h at the ambient conditions to obtain homogeneous solutions.
Each resulting solution was loaded to a syringe fitted with a metallic needle having ∼0.8 mm of inner diameter. During electrospinning, 1.0 mL/h of feed rate was supplied to the solutions by the syringe pump. The high voltage power supply was used to apply a voltage of +15 kV for the electrospinning. Randomly oriented nanofibers were deposited on the circle base of cylindrical graphites that are fixed on a grounded stationary metal collector. The fiber collection distance between the graphite and the end of the tip was set to 10 cm. The electrospinning process was carried out at ∼24°C and 20% relative humidity in an enclosed Plexiglas chamber. Nylon 6,6/MWCNT nanofibers obtained from the 6,6 solution containing 1%, 2%, and 4% (w/w) MWCNTs are named as nylon 6,6/1MWCNT, nylon 6,6/2MWCNT, and nylon 6,6/4MWCNT, respectively. The corresponding monomer synthesis was carried out as reported in a previous work. 43 After the surface of all the electrodes was modified with the electrospun nanofibers, the PBIBA polymer was electrochemically synthesized on these nanofibrous coatings in the presence of 0.1 M LiClO 4 /NaClO 4 (1:1) in acetonitrile/dichloromethane (5:95, v:v) in the potential range of 0.5− 1.6 V at a scan rate of 0.1 V s −1 . The polymer-coated surfaces were washed with distilled water and phosphate buffer (50 mM, pH = 7.0) to remove organic residues. GOx (1.25 mg in 5.0 μL of 50 mM sodium phosphate buffer, pH 7.0) was covalently immobilized on modified surfaces with the help of glutaraldehyde (GA) (5.0 μL, 0.1% in 50 mM sodium phosphate buffer, pH 7.0). The enzyme biosensors were allowed to stand at room temperature for 2 h. After all the electrode surfaces were dried, the unbound enzyme molecules and GA residues were removed from the surface by washing with distilled water.
All amperometric studies were carried out in sodium acetate buffer via application of −0.7 V versus Ag/AgCl electrode while mildly stirring at room temperature. In all experiments, current change due to the consumption of the molecular oxygen was detected; therefore, the difference between the baseline current and the steady state current before and after the addition of substrate was monitored. Throughout all the measurements a different volume of glucose solution was added to the buffer solution (10 mL of 50 mM sodium acetate, pH 5.5) at a steady state. After each measurement, the solution in the reaction cell was refreshed, and electrodes were washed with distilled water for removal of the residues. The biosensor performance was determined by adding various concentrations of glucose and calibrating them to different current responses recorded for each substrate concentration. On the other hand, the same volume of glucose solution was used during optimization studies. In all measurements, the average of three repetitive results was recorded for each glucose concentration, and standard deviations of these measurements were calculated.
RESULTS AND DISCUSSION
3.1. Electrochemical Behaviors of Modified Surfaces. To investigate the electrochemical behavior of each layer, a repeated potential scan technique was performed for modified surfaces in sodium acetate buffer (50 mM, pH 5.5) at room temperature. High current responses in CVs for the modified surfaces can be correlated to their improved electron transfer ability. 45 This situation provides the highly electroactive surfaces as the enzyme immobilization matrix in biosensing. The capacity for each modified surface was calculated from the cyclic voltammograms (CVs) of each polymer. It is well known that the total area of each cycle in the CV can be calculated by using a computer program and gives the total charge loaded to the surface which then converts this number to charge density. Considering the results of CVs illustrated in Figure 1 , it is clearly seen that the loaded charges on the nylon 6,6 nanofibercoated surface increases remarkably after the electropolymerization of the BIBA monomer. The charges involved in the film formation were calculated as 3.46 mC (77 nm thickness) for the nylon 6,6 nanofiber-coated surface and 12.70 mC (282 nm thickness) for the PBIBA-coated nylon 6,6 nanofibrous surface. To upgrade the mechanical and electrochemical properties of the immobilization matrix, MWCNTs incorporating nylon 6,6 nanofibers were collected on a graphite electrode, and electrochemical properties were also examined via CV technique. The charges loaded on these surfaces were calculated as 9.52 mC (221 nm thickness) for the nylon 6,6/ 4MWCNT nanofiber-coated surface and 18.35 mC (408 nm thickness) for the nylon 6,6/4MWCNT/PBIBA nanocomposite modified layer. Furthermore, the oxidation and reduction potentials for all modified polymer structures can be calculated from CVs. According to the results in Figure 1 , there is no remarkable difference between the oxidation potential of each surface. For nylon 6,6 polymer oxidation potentials were determined as +1.17 and +1.20 V before and after electrodeposition of PBIBA, respectively. Due to the high conductivity of MWCNTs, incorporating them into the nylon 6,6 polymer has a significant effect on current and charge in comparison with nylon 6,6 and its nanocomposite with PBIBA. 46 On the other hand, the oxidation potentials of nylon 6,6/4MWCNT and nylon 6,6/4MWCNT/PBIBA nanostructures (which were calculated as +1.19 and +1.23 V, respectively) showed a slight increase compared to nylon 6,6 and nylon 6,6/PBIBA based samples. Nanofibers allow obtaining a large surface area on even small volume depending on their high porosity stacking. This organization on the corresponding electrode has a vital importance to be easily arranged for an efficient morphology of the protein immobilization platform. As expected, the amount of electroactive species on the surface was drastically increased after PBIBA was coated in nanofiber-modified layers. Due to the synergy of nanomaterials, proposed CP was oriented to generate excellent electron transfer on the surface. Moreover, the well-organized nanofibrous composite coatings that were created with their powerful electronic characteristics and high stability needed an efficient enzyme immobilization.
3.2. Optimization Studies. The thickness of the immobilization matrix should be optimized to enhance the biosensor performance. It is an important parameter that is adjusted with the scan number during electropolymerization. The nanofiber-modified electrodes were prepared with different scan numbers of CP (varied 10 to 60 cycles) to determine the relation between polymer thickness and biosensor performance. The corresponding glucose biosensors based on nanofibrous composite surfaces were constructed and tested for the equal amount of substrate (0.4 mM glucose) in amperometric measurements (Figure 2 ). During the biosensor fabrication step, all parameters except scan rate were kept constant.
An increase in the polymer thickness on the surface may cause a longer diffusion distance between the biomolecule and the transducer. Thus, the electrons resulting from the biocatalytic reactions cannot be efficiently transferred through the electrode, and the current responses for glucose decrease. However, for a low thickness of polymer, the functional groups on the surface may not be sufficient to attach the biomolecule, and enzyme may leach from the surface, resulting in low responses. Furthermore, a huge recognition element cannot be stabilized on the polymer layer. According to amperometric results, 30 scans revealed the best result, and so that was chosen as the optimum scan number in electropolymerization.
During optimization studies, the different amount of GOx (varied from 25 to 120 U in 50 mM sodium phosphate buffer, pH 7.5) was immobilized on modified polymer surfaces having optimum thickness with the help of GA. The highest signals were recorded for 50 U GOx for each biosensor (Figure 3) . The high amount of enzyme may not be stabilized on the surface due to a lack of enough functional groups of polymer for a covalent bond. Therefore, the optimum enzyme amount was used for further experiments.
A bifunctional GA molecule was generally preferred to stabilize enzyme molecules on the polymer matrix via crosslinking technique. However, a high concentration of GA may cause intercrosslinking of enzyme molecules. Thus, the active sides of protein are eliminated, and the amperometric response to substrate decreases due to reduction of bioactive reactions. To determine the effect of GA amount on biosensing performance, the optimized biosensors including different GA amounts (0.05%, 0.10%, 0.50%, 1.00%) were fabricated and tested for 0.4 mM glucose. The optimum amount of GA was identified as 0.10%.
Since enzyme molecules may be denatured under extreme pH values, the optimum microenvironment conditions should be assured to enhance the biosensor performance. Exploring the effect of pH on biosensing, an optimum biosensor was prepared for all nanofibrous composite modified surfaces. Optimization studies were achieved in different buffer medium with various pH values varying between 4.5 and 6.5 (50 mM sodium acetate buffer at 4.5, 5.0, and 5.5 and 50 mM phosphate buffer at 6.0 and 6.5; 25°C). Considering the amperometric current results, pH 5.5 was determined as the optimum value (Supporting information Figure S1 ).
The effect of MWCNT amount on biosensing performance was investigated by changing the CNT ratio in the mixture solutions for electrospinning. Throughout the preparation of nylon 6,6/MWCNT solutions, purified MWCNTs were added to nylon 6,6 solutions in proportion to 1%, 2%, and 4% (w/w), respectively, and desired electrospun nanofibers were collected on graphite electrodes. Afterwards, three glucose biosensors were constructed for the optimum conditions and tested for different substrate concentrations. The amperometric results were indicated in Figure 4 .
An increase in CNT ratio in nanocomposite film provides the high electron transfer ability; hence, amperometric response rises due to the high amount of CNTs. Moreover, the morphology of the surface changes in the presence of CNTs. Since the electroactive species and porosity on the surface layer increase, a large amount of CP (PBIBA) was coated on the nanofibers. This situation allows a high amount of GOx to be covalently loaded in the polymer matrix. In this research, the optimum MWCNT ratio was determined as 4.0% addition to 3.3. Surface Characterization. It was already reported in our previous work that 8% (w/v) nylon 6,6 was an optimum concentration to obtain uniform and bead-free nylon 6,6 nanofibers for formic acid as a solvent system. 47 The average fiber diameter (AFD) of the nylon 6,6 nanofibers was determined as 70 ± 20 nm for the nylon 6,6/formic acid system (Figure 5a ). Nylon 6,6/1MWCNT, nylon 6,6/ 2MWCNT, and nylon 6,6/4MWCNT nanofibers were also bead-free. The scanning electron microscope (SEM) image of nylon 6,6/4MWCNT is indicated in Figure 5b as a representative. Bead formation is the common defect for electrospun nanofibers. Smooth nanofibers without beads are required to decrease the variability of the morphology and thus supply reproducibility. 48−50 Moreover, the bead formation may lead to aggregation of colloids in the case of electrospinning of suspensions. 48 Here, bead-free nanofibers were obtained to provide homogenous dispersion of MWCNTs in the composite electrospun nanofibers. The nylon 6,6 solution containing 5% (w/w) MWCNT could not be electrospun since 5% (w/w) MWCNT agglomerates in the solution without proper dispersion are possible because of strong van der Waals interactions between MWCNTs. 51−53 The decrease in AFD with an increase of CNT concentration generating higher charge density in the solution is generally reported in the literature. 52, 54, 55 When the AFD of the nylon 6,6/4MWCNT was compared with pristine nylon 6,6 nanofibers, no obvious change was observed in AFD with low CNT concentrations (1−2% (w/w)) that were probably not enough to increase the solution conductivity. The trivial AFD decreasing effect could only be observed in the nylon 6,6/ 4MWCNT system (60 ± 10 nm) possibly due to an increase in the solution conductivity. To clarify this, the conductivity of the corresponding solutions was measured, and it was recorded as 3.34 μS/cm for pristine nylon 6,6 and 5.06 μS/cm for nylon 6,6/4MWCNT solutions. The nanofiber diameter decreases with the increase in conductivity of the solution resulting in higher stretching of polymer solution under the high electrical field. 56 The morphologies of the nylon 6,6/4MWCNT nanofibers were further investigated by high-resolution transmission electron microscope (HRTEM). The representative HRTEM images of nylon 6,6/4MWCNT nanofibers are given in Figure 5c ,d. It is clearly shown that MWCNTs having tubular structure (7−15 nm in diameter) aligned parallel to the fiber axis are possibly due to sink flow (Hamel flow) and high extension forces of the electrospun jet. 52, 57 This observation suggests that MWCNTs are well dispersed in the solution. 52, 53 The morphology of layer-by-layer modified electrode surfaces was characterized via SEM. Figure 6a ,b represents the SEM images of conductive polymer (PBIBA) coated nylon 6,6 and nylon 6,6/4MWCNT surfaces, respectively. It is clearly seen that the CP uniformly wrapped around the nanofibers. Therefore, these images obviously proved that the unique structures of nanofibers were protected during the electro- polymerization process. The porous morphology of the nanofibers allowed the homogeneous electropolymerization of the monomer through all the fiber surfaces. Such a surface design leads to a drastic increase in the surface area of the coated CP. Due to the rough structure of surfaces, enzyme molecules can penetrate into the polymeric layer. Moreover, an increase in the aldehyde group of the PBIBA polymer on an electrode provides robust covalent interaction of GOx. Owing to the high surface area, the protein molecules are well adhered onto this nanofibrous composite surface. After immobilization of enzyme, surface morphology was drastically changed. The images in Figure 6c ,d illustrate the enzyme immobilized surfaces and prove that the well-organized GOx completely have covered electrode surfaces.
The surfaces before and after GOx immobilization were also characterized via XPS technique, and the corresponding peaks were resolved in a fitting program. For the nylon 6,6/ 4MWCNT/PBIBA/GOx biosensor having the best results, C 1s peaks of the layers were depicted in the Supporting Information. Due to the excellent coverage of the PBIBA polymer around the electrospun nanofibers, PBIBA polymer properties dominate the nylon 6,6/4MWCNT nanofiber surface characteristics. According to these results, the absence of the peak belongs to the C atom of the CO group, and the increase in C atom intensity of CN prove the presence of imine bond formation between the PBIBA polymer and enzyme molecules (Supporting Information, Figure S3 ). As another surface characterization technique, contact angle determination was used for identifying the hydrophilic or hydrophobic properties of corresponding surfaces. On the basis of the measurements the surface characteristics of each layer were determined using distilled water for each coating. According to the experimental results, the contact angles were determined as 66.65 ± 0.76°for nylon 6,6/PBIBA and 67.81 ± 2.57°for nylon 6,6/4MWCNT/PBIBA surfaces, respectively. The contact angle of the commercial nylon 6,6 surface was reported as 75.9 ± 2.2°in the literature. 58 After GOx immobilization, contact angle values of surfaces were drastically changed and measured as 35.21 ± 2.06°for nylon 6,6/PBIBA/GOx and 24.29 ± 2.91°for nylon 6,6/4MWCNT/ PBIBA/GOx surfaces. After attachment of GOx to the surfaces, hydrophilic character was observed due to carboxylic acid groups. Whereas polymers are generally known as hydrophobic materials, carboxylic acid containing surfaces show hydrophilic character. 59 3.4. Analytical Characterization. The electroanalytic characterization of biosensors was performed using the amperometric detection technique. The molecular oxygen is reduced to hydrogen peroxide in the presence of glucose with the applied potential of −0.7 V to the cathode. During the enzymatic redox reactions, the oxidation of the glucose to glucono-δ-lactone (and further hydrolysis to gluconic acid) is provided by the reduction of flavin adenine dinucleotide (FAD) to FADH 2 , the redox couple of GOx. The diffusion rate of the oxygen from the bulk is proportional to the glucose concentration. 60, 61 Thus, the consumption of the oxygen can be easily monitored via the current change during the catalytic reactions. 62 In such electronic systems, CPs can be utilized to shuttle the electrons between a redox center of GOx and a transducer. 63−65 For the corresponding biosensor constructions in this study, nylon 6,6 and nylon 6,6/4MWCNT nanofibers were coated with PBIBA as a CP. Thus, nylon 6,6 nanofibers do not play an active role during the electron transfer. The electron mobility succeeds by the hopping process between redox centers of a covalently bound biomolecule and the CP backbone. Since oxygen consumption during the enzymatic redox reaction was achieved at −0.7 V constant potential, current responses versus time values were recorded at this potential. The calibration curves including varying glucose concentration versus current were established for optimum electrodes (Figure 7) . The linear ranges were observed as 0.02−2.0 mM and 0.01−2.0 mM for nylon 6,6/PBIBA/GOx and nylon 6,6/4MWCNT/PBIBA/GOx biosensors. Kinetic parameters were calculated from the Lineweaver−Burk plot at constant temperature and pH 5.5. K m app values were calculated for nylon 6,6/PBIBA/GOx and nylon 6,6/4MWCNT/PBIBA/ GOx biosensors as 1.01 and 1.86 mM, respectively. Since the electrode surfaces were modified with various materials, the morphology of these immobilization platforms showed different characteristics after CP coating. Thus, different amounts of enzyme can be efficiently attached on these electroactive matrices. This robust binding allows the easy accessibility of substrate from the bulk to the enzyme. This situation leads to a decrease in K m app values. Hence, nylon 6,6/PBIBA/GOx has a higher affinity for the substrate than nylon 6,6/4MWCNT/ PBIBA/GOx. I max values representing the maximum current measured at substrate saturation were determined as 10.03 and 16.67 μA for nylon 6,6/PBIBA/GOx and nylon 6,6/ 4MWCNT/PBIBA/GOx biosensors. In addition, limit of detection (LOD) values were calculated considering the following equation: LOD = 3σ/S. In this equation 3 represents the signal to noise ratio, σ the standard deviation of three measurements of blank solution, and S the slope of the linear regression equation of the lowest concentration value. According to these calculations, the LOD values of corresponding biosensors were determined as 18 and 9.0 μM for the corresponding nylon 6,6 and nylon 6,6/4MWCNT modified biosensors, respectively (Table 1) . Additionally, operational and storage stabilities of each biosensor were measured. Due to the operational stability measurement results, there exists no decrease subsequent for 64 measurements for nylon 6,6/PBIBA/GOx and 78 measurements for nylon 6,6/ 4MWCNT/PBIBA/GOx biosensors. The shelf life of the modified electrodes was determined for the same glucose concentration (40 mM). The amperometric measurements were achieved during 32 days for nylon 6,6/PBIBA/GOx and 44 days for nylon 6,6/4MWCNT/PBIBA/GOx biosensors. There is no decrease in the current responses of the same glucose concentration during these times.
Although the glucose biosensors have been investigated over five decades, up to date electrospun nanofiber modified ones were rarely studied to the best of our knowledge. In 2007, Wu et al. reported a glucose biosensor with carbon nanofibers (CNFs). 65 This biosensor showed good linearity (2 μM−2.5 mM) with low LOD value (2.50 μM). A nonenzymatic glucose biosensor was constructed using gold-modified CNFs by Liu et al. where a very low detection limit of 1.0 μM was reported. 66 Other selected examples were summarized with their linear range, LOD, and K m app values in Table 1 . In our previous work, a novel CP (PBIBA) based glucose biosensor was reported with low LOD and excellent substrate affinity. 38 In our further investigations, nylon 6,6/PBIBA and nylon 6,6/4MWCNT/ PBIBA modified biosensors showed better linearity and operational stability. Moreover, the nylon 6,6/4MWCNT/ PBIBA/GOx biosensor has the highest I max value among the selected examples from the literature. Since the electron transfer ability of this biosensor was upgraded, the amperometric current responses increased for the same amount of substrate.
In addition, the effect of possible interferent materials such as ascorbic acid, urea, and oxalic acid was investigated for generated biosensors to obtain high accuracy in real sample applications. During these studies, the proposed materials were added into the buffer solution (50 mM sodium acetate, pH 5.5) instead of glucose substrate, and amperometric measurements were carried out at −0.7 V. For different concentrations of these materials (0.1 and 0.01 M), a negligible interference effect was observed in giving conditions (Supporting Information, Figure S2 ).
3.5. Sample Application. To investigate the reliability and performance of the nylon 6,6/PBIBA/GOx and nylon 6,6/ 4MWCNT/PBIBA/GOx biosensors, the glucose levels in several beverages were determined for the optimum conditions. In these applications, preferred beverage solutions were added into the buffer (50 mM sodium acetate, pH 5.5) without any dilution. Then, corresponding results were compared to the results obtained with spectrophotometric techniques in Table  2 . Results prove that there is no significant difference between two techniques showing the reliability and accuracy of two novel biosensors. Even though the corresponding biosensor results seem to be similar for the chosen real samples, the nylon 6,6/4MWCNT/PBIBA/GOx biosensor had the lowest LOD value and showed the highest operational stability and longest shelf life. Biosensor performance results show that the nylon 6,6/4MWCNT/PBIBA/GOx biosensor is more preferable in long-term studies for lower concentrations.
CONCLUSIONS
In this study, novel immobilization matrices were generated using nylon 6,6 and nylon 6,6/4MWCNT electrospun nanofibers. The modified electrodes were coated with recently synthesized CP PBIBA, and glucose biosensors of these nanofibrous composite surfaces were prepared to investigate their immobilization matrix properties. These fabricated biosensors exhibited high I max with low LOD values and high affinity to substrates. The combination of the PBIBA and nanofibers served as excellent immobilization matrix properties for a long period stability by means of robust covalent bonds between GOx and nanofibrous composite coated surfaces. Moreover, the biosensors were successfully tested for glucosecontaining beverages with satisfactory results. According to the experimental results, MWCNT incorporation to nylon 6,6 nanofibers provided the good stability, prolonged shelf life, and high electron transfer ability for the proposed biosensor. These electrospun surface-modified biosensors have promising potentials for development of various electrochemical biosensors including detection of many analytes such as protein, DNA/RNA, alcohol, cholesterol etc. due to their high surface area and design flexibility.
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